Abstract. Early detection of Alzheimer's disease (AD) has been challenging as current biomarkers are invasive and costly. Strong predictors of future AD diagnosis include lower volume of the hippocampus and entorhinal cortex, as well as the 4 allele of the Apolipoprotein E gene (APOE) gene. Therefore, studying functions that are critically mediated by the hippocampus and entorhinal cortex, such as spatial memory, in APOE 4 allele carriers, may be key to the identification of individuals at risk of AD, prior to the manifestation of cognitive impairments. Using a virtual navigation task developed in-house, specifically designed to assess spatial versus non-spatial strategies, the current study is the first to differentiate functional and structural differences within APOE 4 allele carriers. APOE 4 allele carriers that predominantly use nonspatial strategies have decreased fMRI activity in the hippocampus and increased atrophy in the hippocampus, entorhinal cortex, and fimbria compared to APOE 4 allele carriers who use spatial strategies. In contrast, APOE 4 allele carriers who use spatial strategies have grey matter levels comparable to non-APOE 4 allele carriers. Furthermore, in a leave-one-out analysis, grey matter in the entorhinal cortex could predict navigational strategy with 92% accuracy.
INTRODUCTION
Early detection and prevention of Alzheimer's disease (AD) is imperative during the latent phase of the 1494 K. Konishi 
et al. / Entorhinal Cortex Pathology in 4 Carriers
The key for early detection may lie in finding cognitive measures that strongly correlate with pre-existing biomarkers such as hippocampal and EC integrity. Lower function and volume of the hippocampus and EC are strong predictors of future cognitive impairment [3] [4] [5] [6] . In addition, atrophy of these areas is a strong predictor of future diagnosis of AD in at risk patients with mild cognitive impairment (MCI) [7] . Spatial memory is a function that critically depends on the hippocampus and EC [8] [9] [10] [11] [12] and therefore, may be an ideal measure to assess the integrity of these structures. However, spatial memory impairments and hippocampal atrophy can be masked by the use of alternate memory systems such as the caudate nucleus of the striatum [13] . Previous research has demonstrated that individuals who predominantly use alternate caudate nucleus-dependent memory systems during navigation have equal cognitive performance to those who use hippocampus-dependent memory [13] . However, individuals who use caudate nucleus-dependent memory, on average, have decreased grey matter and function in the hippocampus compared to those who use hippocampus-dependent memory [14] [15] [16] . Therefore, we hypothesize that tests that dissociate the use of memory systems will enable us to identify individuals with atrophy in the hippocampus and EC, before the manifestation of cognitive impairments, thus opening a window of opportunity for early intervention.
Wayfinding difficulties are among the first cognitive symptoms observed in individuals who later develop AD [17] . Although several studies have examined spatial memory in older adults and in patients with MCI and AD, none have considered the assessment of non-hippocampal, habit-based strategies dependent on the caudate nucleus. The hippocampus involves learning the spatial relationships [10] between multiple landmarks in an environment to build a cognitive map, i.e., independent of the position of the observer. This form of hippocampusdependent navigation is referred to as the spatial memory strategy. By contrast one can navigate with a less cognitively demanding habit-based strategy dependent on the caudate nucleus [16] . This form of caudate nucleus-dependent navigation is referred to as the response strategy. The response strategy plays a role in stimulus-response learning [18, 19] , i.e., learning a series of stimulus-response associations, such as a pattern of left and right turns from a given starting position. The proportion of individuals who use hippocampus-dependent spatial strategies decreases across the lifespan [20] , in favor of caudate nucleusdependent response strategies [21] . We have recently shown that, in healthy young and older adults, use of spatial strategies is associated with increased grey matter and fMRI BOLD activity in the hippocampus [14-16, 22, 23] .
Genetically, the 4 allele of the polymorphic gene for apolipoprotein (APOE) is the strongest known genetic risk factor for sporadic AD [24] . Carriers of the APOE 4 allele have an increased risk of developing AD (odds ratio = 2.0-4.2), making them an ideal population to study early markers of AD [25] . In this population, variability in hippocampal integrity can be assessed early on before the manifestation of cognitive symptoms. As such, here, in an experimental design double-blind to genotype, we investigated grey matter, volume, and function in the hippocampus and EC in relation to navigation strategies, within healthy carriers of the 4 risk allele. Based on the literature and our own findings, we hypothesized that APOE 4 allele carriers who use response strategies would show decreased fMRI BOLD activity in the hippocampus and increased atrophy in the hippocampal formation, including the hippocampus, EC, and surrounding white matter tracts, compared to APOE 4 allele carriers who use hippocampal-dependent spatial strategies.
MATERIAL AND METHODS

Participants
A total of 66 (mean age = 66.1 ± 4.5; 38 women and 28 men) participants were included in the current MRI study, screened from an initial sample of N = 515 (age 60-75 years). The initial sample of 515 older adults were screened for our inclusion criteria (Table 1) , resulting in a sample of 139 healthy older adult participants. Approximately half of the 515 participants were excluded due to medical history or MRI confounding factors. An additional 40% were excluded after cognitive screening at the laboratory. Participants scoring below 26 on the Montreal Cognitive Assessment (MoCA) or 27 on the Mini-Mental State Examination (MMSE) were excluded from the study. Among the remaining 139 healthy older adults, all APOE 4 allele carriers as well as a convenience sample of individuals of the other genotypes, were invited to participate in a structural and functional MRI study, such that a total of 66 participants were scanned and included in the final study. Exclusion criteria was applied in the same way to both the APOE 4 allele carriers and the convenience sample of individuals of other genotypes. All participants were right-handed and had normal or corrected vision. None of the participants had any history of neurological or psychiatric disorders or of alcohol or drug abuse, assessed with a prescreening questionnaire. In addition, participants were screened for confounding factors that would affect cerebral blood flow during fMRI such as cardiovascular diseases, cholesterol, and diabetes. Informed consent was obtained from all participants in accordance to the guidelines of the local ethics committee. The study was approved by the institutional review boards at McGill University and the Douglas Mental Health University Institute.
APOE genotyping
Blood samples were collected by research nurses at the Douglas Mental Health University Institute. DNA extraction and PCR amplification were conducted using the ABI PRISM SNaPshot Multiplex Kit assay (Applied Biosystems; Foster city, CA). Genotyping for APOE was done at Génôme Québec using TaqMan ® chemistry (Applied Biosystems). A fluorogenic probe used in TaqMan chemistry enables the detection of a specific PCR product and differentially labeled fluorogenic probes allow the allelic discrimination. The fluorescence emission detection was done using the 7900HT reader and the TaqMan technology has an average conversion rate around 98%, with an average error rate of 0.1%.
Participants were divided into two groups based on genotype. Participants with one or more APOE 4 allele were in the ApoE4 group (n = 15; mean age = 65.6 ± 4.5, mean education = 16.0 ± 2.8) and participants who are not carriers of the APOE 4 allele were in the non-ApoE4 group (n = 49; mean age = 66.5 ± 4.6, mean education = 16.8 ± 3.5). Genotyping failed for two participants. Experimenters were blind to the genotype of the participants and were not notified until all behavioral and imaging tests were complete. The final APOE 4 carrier and non-carrier groups did not differ in their family history of AD.
Neuropsychological tasks
The MoCA [26] and MMSE [27] were administered to assess general cognitive function. The Rey-Auditory Verbal Learning Test [28] and ReyOsterrieth Complex Figure [29] were administered to assess verbal and visual memory, respectively. The Stroop test [30] and the Digit symbol test [31] were administered to assess executive function.
Pre-scan training
Before the fMRI, older adult participants were given practice in a virtual environment both outside and inside the scanner. To navigate, they were given a four-key button-box, but were only asked to use the forward, left, and right keys. The practice virtual environment was a radial arm maze to ensure that all participants were equally comfortable with the procedural aspect of navigating.
All older adults underwent a mock scanning session several days before the fMRI scan. The mock scan was given to the older adults to decrease dropout rates due to claustrophobia, motion artifacts, failure to navigate using the keypad while lying in the scanner, and to ensure that they could be comfortable lying on their backs for a long period of time during the real scan. While in the mock scanner, participants performed a virtual radial maze task that took place in a completely different virtual environment with different task instructions from the one used in the fMRI scan. As the instructions and environment were different, information learned during the mock scan could not be used in the fMRI scan. In this task, participants were placed in a completely novel virtual environment and were presented with a single pathway at a given time. Participants had to memorize whether each pathway contained an object or not. These trials were interspersed with visuo-motor control trials in order to mimic the sequence of events presented during the fMRI scan.
fMRI task: Concurrent spatial discrimination learning task
The Concurrent Spatial Discrimination Learning Task (CSDLT) was created using the editor program of a commercially available computer game (Unreal Tournament 2003; Epic Games, Raleigh, NC). The task was adapted from a two-stage mouse model radial maze involving concurrent spatial discrimination learning aimed at assessing memory flexibility in mice [32] . The task takes place in a radial maze and consists of a center platform from which branch out 12 pathways. An enriched environment made up of mountains, trees, and other landmarks surrounds the radial maze (Fig. 1) . At the end of each pathway, there is a set of stairs that leads down to a small pit where, in half of the pathways, an object is located. The 12 pathways of the maze are divided up into six adjacent pairs of pathways. Within each pair of pathways, one pathway, always the same one, contains an object and the other is always empty. During the experimental learning phase (Stage 1), participants are repeatedly presented with the six pairs of pathways in a pseudorandom order (Fig. 1a) . They are asked to learn within each pair of pathways which one contains an object and to go down that pathway to retrieve the object. Upon descending the stairs at the end of the pathway and entering the pit, participants are automatically transported back to the center platform and presented Fig. 1 . The two stages of the Concurrent Spatial Discrimination Learning Task (CSDLT) with a schematic representation of the behavioral paradigm. The CSDLT is a virtual 12-arm radial maze in which participants must learn the location of objects within six pairs of pathways using either a spatial or response strategy. a) Example of a pair of pathways presented during the learning phase where the target object would be found next to the pyramid (Stage 1). After the participants learn the location of the objects to criterion (11/12 correct choices) in 6 pairs of pathways, a probe trial is administered where the perspective shifted such that the pathways formed new pairs but the objects remain in the same locations. b) Example of a recombined pair of pathways during the probe phase (Stage 2). These probe trials allow for the dissociation of those who used a spatial strategy from those who used a response strategy. Individuals who used a spatial strategy will find target locations despite the new pairing of pathways and the change in perspective (e.g., they will take the pathway slightly to the right of the pyramids). On the other hand, older adults who used a response strategy during acquisition (e.g., when I see pyramids take a left) will make errors on the probe trial because the stimulus-response association will lead them to the incorrect pathway (e.g., when I see the pyramids, take a left).
with the next pair of pathways. The number of correct pathways the participant visits within each trial is measured as choice accuracy. A trial consists of the presentation of all six pairs of pathways. Participants are trained until a choice accuracy criterion of 11/12 is reached within two consecutive trials in order to ensure that they have learned the object locations. A minimum of six trials was administered to all participants.
Upon reaching criterion, participants proceed to the probe phase (Stage 2) called the recombined pairs condition (Fig. 1b) . During this phase, the pathways presented to the participants are rearranged into new pairs. However, the objects remain in the same locations. Four pairs of recombined pathways are presented twice in a pseudo-random order. Only four recombined pairs allowed for the presentation of adjacent pathways with only one pathway containing an object. This stage was designed so that only individuals who are flexible, evidenced by the fact that they used a spatial strategy by learning the spatial relationships between the objects and environmental landmarks, are able to find the objects within the recombined pairs. In other words, when the pairs of pathways that are presented are recombined, participants who know the relationships between the target objects and landmarks are capable of discerning the target pathway from the non-target pathway. Alternatively, people who used a stimulus-response strategy (e.g., "when I see the pyramid (stimulus), take the pathway to the right (response)) are unable to perform the task with the same flexibility. In this case, since the pairs of presented pathways were rearranged, "the pathway to the right when I see the pyramid" in this stage (Fig. 1b) is not the same "pathway to the right when I see the pyramid" as in the learning stage (Fig. 1a) . Thus, the probe phase provides an objective method to distinguish between participants who are flexible at using the spatial relationships between the environmental landmarks and the target pathway from a different viewpoint and those who are inflexible to do so. Given that the probe has 8 trials and the probability of a success on an individual trial is 0.5, 7 out of 8 successes was used as the cutoff to obtain a binomial probability of p < 0.05. The probability that someone will get 7 out of 8 trials correct by chance is less than 5%. Therefore 7/8 correct was used as the cut-off to distinguish those that used a spatial strategy from those that used a response strategy [15, [21] [22] [23] 33] .
On the CSDLT, three participants (one in the nonApoE4 group and two in the ApoE4 group) did not reach the learning criterion and one participant (nonApoE4) reached criterion but did not perform the probe trial for lack of time and therefore their data were excluded from the analyses.
Visuo-motor control task
Interspersed between the experimental tasks is a visuo-motor control task. The control task consists of a radial pathway maze with no background environment. In addition, within each pair of pathways, the location of the objects is completely random. Participants are presented with four pairs of pathways and asked to visit a pathway at random. The experimenter explicitly states that there is nothing to learn during this task and that the location of the objects is completely random with nothing to predict the location. Furthermore, to prevent participants from learning anything or rehearsing previously learned information, they are distracted with a counting task. During the entire duration of the control task, participants are required to count backwards by three from 1000. The aim of the control is to have a task identical to the experimental condition but with no learning involved [21] . All experimental trials are contrasted against control trials to remove from our analysis the brain activity resulting from the visuo-motor aspects of virtual navigation. Furthermore, the control trials are interspersed with the experimental trials, allowing us to control for scanner drifts that occur within each 11-min scanning session.
MRI and fMRI data acquisition
The scanning sessions consisted of multiple 11-min scans. The number of scans differed between participants depending on the number of experimental trials they required to reach criterion on the CSDLT. Each scanning session varied from one to two hours. During the learning phase (Stage 1), the 11-min scans included trials of approximately 45-s duration that alternated between experimental and control conditions. Before each trial, participants were prompted with a panel that reminded them of the instructions for the task ahead. Once participants reached criterion, two probe trials were given, interleaved with control trials. The start and finish of each trial was marked with in-house "spy" software that records keystrokes and scanner frame times. The keystrokes made by the experimenter indicated the start and finish of experimental and control trials. They were used to select frame times that correspond to the experimental and control trials and exclude frames collected during the transition between trials.
Scanning was conducted at the Douglas Brain Imaging Center with a 3 Tesla Siemens Trio scanner. Participants were comfortably placed in the scanner with their heads immobilized with cushions. They were provided with a mirror placed above the head coil in order to visualize the projection screen on which the virtual environments were displayed. After a 1-min localizer scan, an MPRAGE anatomical scan of approximately 9 min was performed before the functional scans. A three-dimensional gradient echo acquisition was used to collect 192 contiguous 1 mm T1-weighted images in the sagittal plane (TR = 2300 ms; TE = 2.98 ms; flip angle = 9; field of view = 256 mm²; 1 mm × 1 mmx 1 mm resolution). Whole brain functional scans were acquired using 42 contiguous 3 mm axial slices parallel to the hippocampus covering the entire brain (TR = 2220 ms; TE = 30 ms; field of view = 192 mm²; matrix size = 64 × 64; 300 whole brain acquisitions/run).
MRI and fMRI statistical analysis
Voxel-based morphometry (VBM) was used to investigate morphological differences between the different groups. MRI scans were spatially normalized by linear transformation into a standard stereotaxic Talairach space [34] . They were corrected for intensity non-uniformity (shading artifact) using the N3 software package [35] . Each voxel was automatically labeled as white matter, grey matter, cerebrospinal fluid, or background using INSECT (Intensity Normalized Stereotaxic Environment for the Classification of Tissues) [36] . The skull and dura were then masked from the brain. The grey matter was smoothed using an 8 mm FWHM (full-width at half-maximum) Gaussian kernel. Grey matter in the hippocampal formation and caudate nucleus were compared between groups. Furthermore, generalized linear model was used to assess the association between performance on the CSDLT and gray matter in the hippocampal formation. Outputs of the statistical analyses were displayed as a statistical map overlaid on an average MRI scan. The statistical maps show regions of grey matter that significantly differ between groups. Based on our a priori hypothesis, an uncorrected p-value of 0.001 was used to calculate the t-statistical threshold for significance (all participants: N = 60, t = 3.23; APOE 4 allele carriers: n = 13, t = 3.93; non-4 carriers: n = 47, t = 3.28) for voxels in the predicted regions of interest, namely, the hippocampal formation and caudate nucleus. For the whole brain, a Bonferroni correction for multiple comparisons was used to calculate the t-statistical threshold (all participants: N = 60, t = 5.24; APOE 4 allele carriers: n = 13, t = 10.02; non-4 carriers: n = 47, t = 5.43).
Fully-automated segmentation of the hippocampus subfields was carried out using the Multiple Automatically Generated Templates (MAGeT) Brain algorithm [37, 38] . This technique is a modified multi-atlas segmentation technique designed to use a limited number of high-quality manually segmented atlases as input. Participant scans were preprocessed using N4 intensity correction [39] and the application of a headmask before MAGeT Brain segmentation in order to aid registration. In the current study, the hippocampal subfields atlas of the Winterburn Atlas [40] was used as the atlas input on five manually segmented brains. In MAGeT Brain, segmentation of each participant is bootstrapped through a template library which consists of a subset of the participant population. 21 templates, a number shown to be optimal for segmentation accuracy [38] , were selected as a demographically representative set, with four ε2 allele carriers, 10 ε3 homozygous participants and seven ε4 allele carries were selected to be part of the template set. Each template is segmented through nonlinear atlas-to-template registration followed by label propagation, yielding a unique definition of the subfields for each of the templates. This bootstrapping results in 21 candidate labels produced for each participant, and candidate labels are fused through a voxel-wise majority vote to produce a final output segmentation. Nonlinear registration was performed using a version of the Automatic Normalization Tools (ANTS) registration technique [41] that is compatible with the minc toolkit (https://github.com/vfonov/mincANTS). Total hippocampal volume was calculated based on the total sum of the left and right volumes of the CA1, CA2/CA3, CA4/dentate gyrus, subiculum, and stratum radiatum, lacunosum, and moleculare subfields. Total fimbria volume was calculated by summing the left and right volumes. Each output segmentation was visually inspected for quality control and assigned a pass or fail based on quality. All scans passed the manual inspection for quality control. Group comparisons were performed between spatial and response strategy users. For all structural analyses, bootstrapped bias-corrected and accelerated 95% CIs were used to assess statistical significance and account for deviations from parametric assumptions. fMRI data pre-processing and analysis was conducted using SPM8 (http://www.fil.ion.ucl.ac.uk/ spm/). The first three frames from each run were discarded to control for field inhomogeneities. Scans were corrected for motion and registered to the mean image using a least-squares approach and a 6-parameter (rigid body) spatial transformation. Slice timing was performed to correct for differences in slice acquisition times. The structural scan was coregistered to the mean functional image. Next, the functional and structural scans were normalized to the MNI template and the functional scans were smoothed using an 8 mm full-width at half maximum (FWHM) kernel. Statistical t-map images contrasting all experimental trials to control trials were generated. To view the analyses, statistical maps were overlaid on an average structural scan of the group. Based on our a priori hypothesis, an uncorrected p-value of 0.001 was used for voxels in the predicted regions of interest, namely, the hippocampal formation and caudate nucleus. For the whole brain, a Bonferroni correction for multiple comparisons was used to calculate the t-statistical threshold.
Detailed methods for Leave-one-out analyses
1. Following the results of our VBM study in APOE ε4 allele carriers showing a peak in the right and left EC, a region of interest analysis was performed in this region. Probe scores were regressed against grey matter in the EC using VBM. In each VBM analysis, one participant was left out (Example: Subject# 2 -See Table 2 for values). Each VBM output was examined and peaks in the right and left EC were found. The peak coordinates (MNI coordinates: x, y, z) in the left and right EC were noted (Example: Right: 25, -1, -33; Left: -33, -15, -28) and these coordinates were used to extract grey matter values (GM values) for all participants at those coordinates. Linear regression analyses were performed with the individual GM values as the independent variable and the probe scores as the dependent variable. Table 2 Results of the one-man out analysis 7. The weighted predicted probe scores for the right and left were then summed to produce a final predicted probe score and strategy assessment. If the predicted probe score was ≥7 (as per the a priori classification of strategy, published in Konishi et al. [23] ), they were categorized as a spatial strategy user. If the score was <7, they were categorized as a response strategy user.
Example: 6.71 = 2.55 + 4.16 Example: Strategy = Response 8. The predicted probe score and strategy were compared to the real probe score and strategy of the participant to determine whether GM in the EC can predict strategy.
Example: Predicted Probe = 6.71; Predicted Strategy = Response Real Probe = 6; Real Strategy = Response 9. This procedure was repeated for the group of participants, with the exclusion of a different participant every time. Predicted results for each participant are illustrated in Table 2 .
RESULTS
Older adults in the APOE 4 and non-APOE 4 groups did not differ in the number of trials needed to reach criterion on the CSDLT (t (1 ,59 ) = 0.850; p > 0.05). On average, older adults required 8.68 ± 4.58 trials to learn the task. The proportion of individuals who use spatial and response strategies between APOE 4 allele carriers (spatial: n = 6; response: n = 7) and non-carriers (spatial: n = 20; response: n = 27) was also the same (χ 2 = 0.05, p > 0.05). Probe performance also did not differ between the ApoE4 and non-ApoE4 groups (p > 0.05).
We contrasted fMRI BOLD activity, between APOE 4 allele carriers who used a spatial or a response strategy, across all learning trials and found that, as per our hypotheses, those who used a spatial strategy had greater fMRI BOLD activity in both the right and left hippocampus compared to those who used a response strategy (right: t (1 ,12 ) = 7.29, p < 0.001, MNI coordinates: x = 24, y = -12, z = -12; left: t (1, 12) = 5.53, p < 0.001, MNI coordinates: x = -18, y = -12, z = -18; Fig. 2a) . By contrast, those who used a response strategy had greater fMRI BOLD activity in the right caudate nucleus than those who used a spatial strategy (t (1, 12) = 4.01, p < 0.001, MNI coordinates: x = 15, y = 12, z = 15; Fig. 2b ). Although earlier reports suggested that older adult 4 allele carriers have decreased fMRI BOLD activity in the hippocampus during memory tasks [42] , our results demonstrate that this is only true in those who use the response strategy. Those who use a spatial strategy have significantly more fMRI BOLD activity in the hippocampus compared to those who use a response strategy. We performed the same analyses in the non-4 carriers. Consistent with our earlier findings [16, 21, 23] , spatial learners had early fMRI BOLD activity in the hippocampus (t (1, 46) = 4.52, p < 0.0005; x = -39, y = -27, z = -15) and response learners had late fMRI BOLD activity in the CN (t (1, 46) = 4.03, p < 0.0005; x = -12, y = 7, z = 12). In addition, spatial learners also had late fMRI activity in the CN (t (1, 46) = 4.64, p < 0.0001; x = 21, y = -14, z = 24) which we previously reported in young adults who shifted to a response strategy with practice, akin to the development of habits. Importantly, response learners in the non-4 groups showed no early fMRI activity in the hippocampus, as per our earlier findings. In all older adults, there was significant fMRI BOLD activity in the left caudate nucleus at the end of learning (i.e., during the last experimental trial) compared to the control condition (t = 3.41; p < 0.001; MNI coordinates: x = -12, y = 5.8, z = 8.9). These results are consistent with our earlier findings [23] that showed greater caudate fMRI BOLD activity in late learning in healthy older adults.
We compared grey matter in APOE 4 allele carriers who used spatial and response strategies and as per our hypotheses, we found that APOE 4 allele carriers who used a response strategy had significantly less grey matter in the right EC than those Results are superimposed onto an average anatomical MRI and displayed in the sagittal and coronal plane. d) There is no difference in levels of entorhinal cortex grey matter between APOE 4 allele carriers who used a spatial strategy and non-4 allele carriers who used a spatial strategy, suggesting that the APOE 4 carriers who used a spatial strategy have normal levels of grey matter, measured with MRI, throughout the brain. e) APOE 4 allele carriers who used a response strategy have less grey matter in the entorhinal cortex compared to non-4 allele carriers who used a response strategy (t = 3.34; p < 0.002; MNI coordinates: x = 32, y = -1.8 z = -43.1). These results show that APOE 4 carriers using a response strategy have significant fMRI BOLD activity in the caudate nucleus at a cost for fMRI BOLD activity in the hippocampus, as was found in those using a spatial strategy. Furthermore, these results show that APOE 4 carriers using a response strategy have significantly less grey matter in the entorhinal cortex compared to all other groups. who used a spatial strategy (t (1, 12) Fig. 3a, b) . In order to assess whether grey matter levels in APOE 4 allele carriers who use a spatial strategy are normal, we compared them to non-APOE 4 individuals and no differences in grey matter were found (no peaks passed threshold, Fig. 2d ). When 4 carriers and non-4 carriers who used a response strategy were contrasted, we found that 4 carriers had less grey matter in the EC (t (1, 33) = 3.34, p < 0.002, MNI coordinates: x = -32, y = -1.8, z = -43.1; Fig. 2e ). These results suggest that entorhinal grey matter is reduced specifically in APOE 4 allele carriers who use a response strategy, whereas there is no such reduction in APOE 4 carriers who use a spatial strategy. Instead, APOE 4 carriers who use a spatial strategy and non-APOE 4 carriers have similar levels of grey matter in the EC, hippocampus, and throughout all other brain regions (Fig. 2d) .
Based on our a priori hypotheses, a region of interest analysis was done on the volume of the hippocampus and surrounding white matter tracts. APOE 4 carriers who use a spatial strategy had significantly more white matter volume in the fimbria (F (1, 12) = 8.04, p < 0.05, bootstrapped BCa 95%CI [8.59, 67 .01]; Fig. 3d ) and have a larger hippocampus (F (1, 12) = 3.96, p = 0.072, bootstrapped BCa 95%CI [31.17, 946 .04]; Fig. 3c ) compared to APOE 4 carriers who use a response strategy. The two groups, i.e., spatial and response APOE 4 carriers, performed equally on standard neuropsychological tests of verbal memory, such as the Rey Auditory Verbal Learning Test, visuospatial memory, such as the Rey Osterrieth Complex Figure, and executive function, such as the Stroop test and the Digit symbol test (Table 3 ; all ps > 0.05).
Following the results of our VBM study in APOE ε4 allele carriers showing a peak in the right and left EC, a region of interest analysis was performed in this region. Probe scores were regressed against grey matter in the EC using VBM. In each VBM analysis, one participant was left out. Each VBM output was examined and peaks in the right and left EC were found. The peak coordinates (MNI coordinates: x, y, z) in the left and right EC were noted and these coordinates were used to extract grey matter values for all participants at those coordinates. Linear regression analyses were performed with the individual grey matter values as the independent variable and the probe scores as the dependent variable (See Methods for Details). The predicted probe score and strategy were compared to the real probe score and strategy of the participant to determine whether grey matter in the EC can predict strategy. Based on our leaveone-out analyses, grey matter in the right and left EC was able to accurately predict the strategy of 92% (12/13) of APOE ε4 allele carriers. The predicted 
DISCUSSION
To our knowledge, the present study is the first to report functional and structural differences among healthy older APOE 4 allele carriers who use different navigational strategies. Differences were found despite the fact that these individuals are "super healthy", they have normal memory performance, they are free of numerous imaging confounds, and they have no neurological and psychiatric illnesses including depression, major neurocognitive disorders, and addiction. "Super healthy" spatial and response APOE 4 allele carriers score identically on all standard neuropsychological tests and all navigation tests, with the only exception that response learners used an alternate memory strategy that is not dependent on the hippocampus. Since it is known that the EC and hippocampus are the first regions to show MRI pathology in patients who later get diagnosed with AD [43] , the current paper reports a novel method to help identify a cohort of participants who have biomarkers associated with increased risk of AD, years before clinical symptoms. Navigation strategies in conjunction with other AD biomarkers such as APOE genotype may help further identify individuals with increased risk of AD. This task may therefore provide a new method for early detection of individuals at a high risk for AD, thus, potentially improving our capacity to design preventive approaches. Furthermore, in a leave-one-out analysis, grey matter in the EC predicted navigational strategy with 92% accuracy suggesting a tight relationship between these factors in APOE 4 carriers. A prospective study showing that APOE 4 carriers who use response strategies will have significantly higher conversion rates to AD years later, compared to those who use spatial strategies, will help further validate our current findings.
The current results are highly consistent with previous work in navigation strategies. Decades of rodent research has shown evidence that lesions to the hippocampus causes severe spatial memory deficits [19, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . The role of the caudate nucleus of the striatum in stimulus-response learning was first demonstrated in 1989 and has been reproduced numerous times [18, 19, 49, 54, 59] . In humans, we first demonstrated in Iaria et al. [16] and Bohbot et al. [14] that spatial strategies are associated with increased fMRI BOLD activity and grey matter in the hippocampus in young adults. In contrast, response strategies are associated with increased fMRI BOLD activity and grey matter in the caudate nucleus. In Etchamendy et al. [21] , Dahmani & Bohbot [15] , Konishi et al. [60] , and West et al. [61] these results were replicated in separate cohorts of young adults using different tasks. In older adults, we also found that spatial strategies are associated with increased fMRI BOLD activity [23] , grey matter [22] , and volume in the hippocampus [62] compared to response strategies. In the current manuscript, we replicate these findings in APOE 4 allele carriers, a population of individuals at increased risk of AD. APOE 4 allele carriers who predominantly use spatial strategies have more fMRI BOLD activity and volume in the hippocampus and more grey matter in the EC compared to APOE 4 allele carriers who predominantly use response strategies. As such, despite the low sample size, the current findings are highly consistent with previous rodent and human work in navigation strategies.
Importantly, the various groups were indistinguishable in all learning and memory performance measures, suggesting that navigational strategies may be key for early detection of AD risk. The current sample represents an asymptomatic population where standard neuropsychological tests are not sensitive to detect cognitive differences associated to the pathology detected in the EC and hippocampus. These results are consistent with the fact that ADrelated structural and functional neurodegeneration occurs years before the onset of cognitive impairments [3, 4] . Past studies have shown spatial memory deficits in APOE 4 carriers. Patients with amnestic MCI (aMCI) who are APOE 4 carriers perform significantly worse on spatial memory tasks compared to those who are non-4 carriers [63] [64] [65] . In fact, the APOE 4 aMCI patients performed similar to patients with AD. In these studies, spatial memory was able to distinguish cognitive differences between aMCI patient with and without the 4 allele, even when other neuropsychological tests were not able to distinguish differences. In the current study, we did not observe any behavioral differences between APOE 4 carriers and non-4 carriers. It is possible that due to our detailed screening procedure we excluded any APOE 4 carriers with cognitive deficits. This is consistent with Adamson et al. [66] who tested cognitively normal older adults on a spatial learning task and found differences in fMRI BOLD activity in the hippocampus between APOE 4 carriers and non-4 carriers but no cognitive differences. In very cognitive healthy population, it is possible that spatial memory tasks are sensitive to functional and structural differences in the hippocampus, despite no differences in cognitive performance. These studies demonstrate the sensitivity of these task to hippocampal integrity above standard neuropsychological tests.
One possibility is that multiple strategies dependent on different memory systems may compensate for latent memory impairments. For example, in Bohbot et al. [67] , patients with brain damage to the hippocampus were not impaired on a virtual navigation task when they employed the caudate nucleus-dependent response strategy, but these patients were impaired when using a hippocampusdependent spatial strategy. Weniger et al. [68] tested patients with aMCI on two wayfinding tasks in a virtual park and maze and found that patients that later converted to AD had smaller hippocampal volumes compared to non-converters, even though there were no performance differences between the two groups. Weniger et al. [68] did not dissociate navigation strategies, and thus patients with hippocampal atrophy may have used an alternate memory system to solve the task. These studies illustrate the importance of dissociating navigational strategies in order to distinguish hippocampus-dependent memory strategies from alternate mechanisms dependent on the caudate nucleus that could serve to hide an otherwise subclinical impairment. As such, navigational strategies could complement the current diagnostic biomarkers available for MCI and AD, and may potentially predict cognitive impairment earlier than standard neuropsychological tests, allowing for early intervention. Furthermore, assessing navigation strategies is a cost-effective and feasible method of assessing risk of AD relative to the currently available brain imaging methods. Navigation strategies may compliment APOE genotyping by further identifying populations at risk, early on in asymptomatic stages. Efforts are currently underway to further validate and automate these task for widespread distribution.
Although causal relationships cannot be drawn from the current findings, it is possible that hippocampal atrophy in response strategy users is the driving cause for decreased fMRI BOLD activity in the hippocampus. However, the opposite may also be true such that decreased use of spatial strategies and thus decreased fMRI BOLD activity in the hippocampus may lead to structural changes. In other words, the decreased fMRI activity in response strategy users may be the consequence of hippocampal atrophy or it may be the cause of hippocampus atrophy. Give that there are genetic and environmental factors such as BDNF genotype [33] , stress [69] , and repetitive behaviors [70] that promote the use of response strategies, we hypothesize that it is most likely a combination of both.
The current study should be viewed in the light of certain limitations. Studies examining the effects of the 4 allele often suffer from sample size limitations due to the low frequency of the genotype in the general population. Similarly, in the current study, the MRI sample was relatively small and VBM, when applied to small samples sizes can be imprecise. How-ever, despite the low sample size, the VBM results were consistent with other analytical methods including MAGeT (volume) and fMRI, thereby supporting the current findings. Another limitation to note is that although participants were screened and excluded for any pre-existing diagnosis of MCI or AD, this was based on a self-reporting of diagnosis. We did not conduct an extensive neuropsychological assessment of MCI beyond excluding participants who scored below 26 on the MoCA and 27 on the MMSE and as such, it is possible that some participants may exhibit subtle cognitive deficits that may meet criteria for early MCI.
Current results suggest that the use of nonhippocampus dependent strategies that rely on the caudate nucleus may be used at a cost for the hippocampus and EC. Since caudate nucleus-dependent response strategies lead to performance scores that are indistinguishable from hippocampus-dependent strategies, the negative impact may go undetected for many years, thereby placing APOE 4 allele carriers at a greater risk for AD. As such, caution should be exerted when healthy adults with a genetic risk of AD engage in activities that may promote caudate-nucleus dependent strategies [71, 72] . Instead, healthy adults with a genetic risk of AD may benefit from activities that stimulate the hippocampus, such as spatial memory training. These results suggest that strategy assessment may be key to identify mechanisms in participants at risk of AD and discriminate atrophy of the hippocampus and EC among APOE 4 allele carriers. Future studies with a larger sample of APOE 4 allele carriers will need to be conducted in order to confirm the clinical relevance of the current findings.
